* method and IR spectrometry have been used to investigate the natural and binding structures of Huperzine B (HupB) in order to better understand the interaction nature between acetylcholinesterase (AChE) and its inhibitor, with the view of designing new AChE inhibitors. The predicted and experimental results reveal that both the natural state and binding form of HupB adopt the chair conformation. Furthermore, the B3LYP/6-31G * results suggest that structure S1 should be the dominant form of the two possible chair structures (S1 and S2, Fig. 2 ). The calculated results also show that the condensed ring structure composing of rings A, B and C is very rigid. Therefore, its flexibility does not need to be considered when we try to dock this structure to its target. Indeed, this supposition is confirmed by the excellent alignment of the binding structure produced from our recent X-ray crystallographic structure of the HupB-AChE complex with the B3LYP/6-31G * predicted geometry. Among all the 111 predicted vibrational bands, the mode 110, which is resulted from the stretching of the bond N2-H and having the second highest frequency, is essential for the geometrical identification. The difference between our predicted strongest absorption band and experimental IR spectrum suggests † Corresponding authors. that a strong intermolecular interaction, which could be a hydrogen bond, exists in HupB crystal. The electrostatic potential surface of HupB derived from our B3LYP/6-31G * CHelpG atomic charge suggests a mechanism of how HupB would interact with its target. In addition, the good agreement between predicted vibrational bands (scaled by a factor of 0.96) and experimental result shows that B3LYP/6-31G * is a good tool for studying such kind of natural compound.
Introduction
Hydrolyzing the neural transmitter acetylcholine (ACh), acetylcholinesterase (AChE) plays a key role in both central and peripheral nervous systems in the transmission of action potentials across nerve-nerve and neuromuscular synapses.
1 Studies on AChE inhibitors have shown that the reversible inhibitors of AChE can make their ways into the central nervous system, indicating that these inhibitors may be useful in allaying the symptoms that interrelate to the unusually high activity of AChE.
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With a view to develop new inhibitors of AChE, we have designed some new derivatives of huperzine (HupA) based on the X-ray crystal structure of AChEHupA complex. 8 However, all the assayed activities of our designed compounds to AChE did not show the expected activities. 9 Other research groups also reported similar findings. 10, 11 Therefore, it is of paramount importance to investigate the interaction mechanism in greater details between AChE and its inhibitors, so that we can understand how inhibitors interact with AChE. This interaction mechanism will be undoubtedly helpful in designing new potent inhibitors of AChE. To achieve this purpose, we have been performing a series of studies based on both theoretical and experimental methods. 8, [12] [13] [14] Here we report our recent theoretical finding on Huperzine B (HupB) conformations in its natural state and in its binding state with AChE.
Like HupA, HupB is also an alkaloid isolated from the Chinese Herb Huperzia Serrata Thunb. 15 Its skeleton is composed of four condensed ring structure (rings A, B, C and D, Fig. 1 ). Pharmacological studies have demonstrated that HupB is capable of inhibiting AChE with low toxicity. 15, 16 Hence studies on its structural characteristics and on its binding nature to AChE are essential in better understanding the interaction mechanism of AChE and its inhibitors, furthermore in designing new AChE inhibitors which can be used to treat diseases that are believed to be associated with cholinergic insufficiency such as, Alzheimer's Disease (AD) and myasthenia.
To the best of our knowledge, the X-ray crystallographic structure and IR spectrum of HupB have not been reported. Moreover, there is paucity of data on its molecular structure and vibration mode analysis. The assignment of absorption bands of infrared spectrum (IR) for complicated natural product poses a challenge to structural chemists. Until recently, quantum chemistry calculation on complicated natural products is hampered by the lack of huge computer resources. However, following the rapid advance in computer hardware, density functional theory (DFT) has been recognized as an efficient computational tool for studying molecular properties. 
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for studying molecular properties, such as geometry, thermodynamic parameter and IR spectrum.
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Therefore, B3LYP/6-31G * method is used throughout this study.
Computational and Experimental Details
Six different possible initial structures of HupB were constructed with molecular modeling software 22 semiempirical quantum chemistry module encoded in Sybyl, these six structures of HupB were subjected to full optimization employing the DFT method B3LYP
23 at 6-31G * level of theory. Based on the optimized geometries, frequency calculations were carried out at the same levels of B3LYP so as to verify the reasonability of the optimized structures, and to determine enthalpies and entropies and thus, the proton affinity of HupB. All Molecular Mechanics calculations were performed on SGI Indigo II workstation with Sybyl 6.5.
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All the Quantum Chemical calculations were carried out with Gaussian 98 program 24 on Power Challenge R10000 and Origin 2000 computers.
The IR spectrum of HupB is recorded on an IR-901(H-14/KBR) instrument.
Results and Discussion

Predicted geometry
Chemical intuition suggests that the extra hexacyclic ring of HupB can adopt either chair or boat conformation. In order to address the conformational features of HupB in the AChE binding site and in nature, we performed a quantum chemistry calculation for the possible conformations of HupB, in particular for the conformations of the extra ring (ring D; Fig. 1 ), in both the neutral and protonated states by use of density-functional theory method B3LYP 23 at the 6-31G * basis set level. The calculated results are presented in Table 1 and Fig. 2 . For the neutral state, there are two options to add the hydrogen atom onto the secondary amine nitrogen atom in the extra ring, i.e., through axial (a-bond) or equatorial (e-bond) orientation. This would result in neutral state having four possible conformations or structures (S1-S4; Fig. 2) . The chair or boat conformation of the protonated-state of HupB has only one option for the orientations of the two hydrogen atoms attached onto the secondary amine nitrogen (S5 and S6; Fig. 2 ). Among the four neutral state HupB structures, the energies of boat forms are higher than that of chair forms by 5.4-7.5 kcal mol −1 , suggesting that the chair form is energetically the favorable structure. Table 1 shows that S1 has the lowest energy amongst the four free HupB structures, suggesting that it is the most probable structure existing in nature. Table 1 also shows that the energy difference between S2 and S1 is only 0.982 kcal mol −1 , suggesting that these two conformations could coexist in nature. Indeed, according to the principle of Boltzmann's distribution, the distribution of these four conformations is S1 : S2 : S3 : S4 = 1 : 0.19 : 3.3×10 −6 : 2.2×10 −5 . These data clearly show that the chair form is the dominant structure in its neutral state. It is a fact that an amino group could change its configuration in aqueous solution by means of protonation and deprotonation. Since the difference between S1 and S2 lies in only the orientation of amino hydrogen, we think that HupB can adjust its orientation of the hydrogen atom attached to N2 in order to fit either the environmental or enzyme requirement.
Similar to the neutral state, the protonated HupB with chair form conformation was also found to be more stable than that with boat conformation by 4.9 kcal mol −1 . The Boltzmann's distribution value of S5 : S6 was found to be 1 : 2.5 × 10 −4 , suggesting that the chair form of protonated HupB is most likely the dominated candidate.
In order to understand the effect of the structure of ring D to the other part of HupB, we align all the heavy atoms of rings A, B and C of all optimized structures. Figure 3 depicts the alignment results. Between S1 and other five structures, we found the alignment RMS values to range from 0.007 to 0.059. Both the RMS value and Fig. 3 showed that the condensed ring structure composed of A, B and C is very rigid and remains stable irrespective of what form and conformation that ring D adopts. We infer from these results that ring D does not significantly affect the geometry of the other part of this molecule. Indeed, this conclusion is consistent with our previous finding on quantum chemical calculations for Huperzine A.
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Therefore, when we dock Huperzine analogues, either Huperzine A or HupB, into the active site of its receptor, we do not need to take into account the flexibility of the condensed ring structure of A, B and C. Figure 3 also shows that structure S2 can be aligned perfectly to S1 with the exception of the -NH-group of ring D. The distance between N2 and the H attached to C3 in structure S1 is shorter than a All the energies were calculated in the gas phase using B3LYP/6-31G * . The various structure conformations correspond to those presented in Fig. 2 . The free energies correspond to the energy required for the transition from one conformation to another in two ways: abstract and affinity.
b E t : total energy (a.u. 
∆G abs = ∆H abs − T ∆S abs g ∆G aff : the proton affinity (kcal mol −1 ) of HupB + H + → HupBH + . The calculation method is the same as described above. , respectively. This repulsion could be one of the reasons why the energy of structure S2 is slightly higher than that of S1 ( Table 1) .
As an example, we summarized the optimized geometrical parameters of S1 in Table 2 so as to investigate the structural characteristics of HupB molecule. The dihedral in Table 2 shows that all the atoms of pyridone are on a plane in which the deviation is not more than 1.0 degrees. On the other hand, the longest C-C bond in structure S1 belongs to C12-C13, which measures 1.554Å. This could arise from the special position of this bond that utilized as a junction between rings B and D (Fig. 1). 
The binding conformation of HupB
Based on the discussion above, we know that the condensed structures of rings A, B and C are very rigid. Besides the chair form being the dominant form existing in the gas phase, it is also most likely to be the binding form of HupB interacting to AChE. 
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Indeed, this supposition is consistent with our recently determined X-ray crystal structure of AChE-HupB complex.
27 Figure 4 depicts the alignment diagram of B3LYP/6-31G * predicted geometry and the binding configuration extracted from our X-ray crystal structure of HupB-AChE complex. It is clear that the skeleton of HupB does not pose a significant change in the comparison of predicted one, suggesting once again that the condensed ring structure is very rigid.
Protonation affinity
Like the amino group of HupA, the secondary amine group may be protonated (positively charged) at the pH of the crystallization conditions (pH = 5.6).
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However, most of the macromolecule X-ray structures cannot prove this, because the electron density map is of low resolution and therefore unable to resolve short distances such as N-H bond. We therefore calculated the free energy changes of HupB when it abstracts a hydrogen atom from a water molecule or a free proton from solution (protonation affinity), for all the four possible conformations using the total energies, thermal energies and entropies ( Table 1 ). The computational method is shown in the footnote of Table 1 . The free energy of abstracting hydrogen from water ranges from −73 to −85 kcal mol −1 , and the protonation affinity ranges from −226 to −238 kcal mol −1 at B3LYP/6-31G * level of theory. This indicates that even in neutral aqueous solution, the protonation of HupB is thermodynamically favorable. Based on this, we also assume that HupB binds to AChE mainly in its protonated form. B3LYP/6-31G * calculation indicated that the protonation of HupB have decreased the energy gap between its chair conformation and boat conformation. But still, the chair conformation is 4.9 kcal mol −1 more stable than the boat one ( Table 1 ). The X-ray electron density map 27 and the DFT quantum chemistry calculation show that the preferred conformation of HupB in the enzyme active site, gas phase and in solution is the same. These results may account for the efficient inhibition of AChE by HupB, because there is no entropy loss for HupB binding to AChE. Figure 5 depicts the electrostatic potentials of S5 and S6 conformations on their Van der Waal's surface derived from our B3LYP/6-31G * CHelpG charges. 28 It appears that most of the surface of HupB is positively charged, indicating that a site with rich negative charge is favorable for the binding of HupB. This is in agreement with our earlier study in which X-ray study on AChE revealed that its active site is lined by an array of conserved aromatic side chains. 8, 29 Incidentally these aromatic rings are rich in π electron, whereby they should bind well with the positively charged surface of HupB. Figure 5 also shows two sites that are obviously negatively charged, in which they are associated with atoms O and N2. Hence, these negative sites should be as far away as possible from the aromatic side chains. These results are also in accordance with our X-ray crystallographic results on the complex between HupB and AChE. In this complex, the oxygen of C=O bond of HupB is likely to form hydrogen bonds with a water molecule and with the residue TYR130. Meanwhile, the N2 part of HupB is directed towards the gate of AChE active site. 27 From Fig. 5 , we can see that the surface of rings C and D of conformation S5 hold a more positive charge than that of * CHelpG charge. 28 The electrostatic potentials were generated with the program GRASP. 30 The orientations for S1 and S2 are the same as that in Fig. 2 . conformation S6; and ring A of S5 holds a more negative charge than that of S6. In addition, the dipole moment of S5 (9.6 D) is larger than that of S6 (9.5 D). All these facts indicate that S1 is beneficial for binding with AChE. The electrostatic potential calculation for S5 and S6 demonstrates further that the protonated HupB binding with AChE adopting the chair conformation.
Electrostatic potential surface
Vibrational spectrum
The calculated vibrational spectra have no imaginary frequency, implying that the optimized geometries are located at minimum points of the potential surface of HupB. In general, there are 111 and 114 vibration modes for each geometry of free HupB and protonized HupB, respectively. The strongest absorption band for free HupB is mode 91 with an intensity of ∼ 680 KM mol −1 . It has been known that, because of some reasons such as anharmonic effect, vibrational intensity could not be estimated very accurately by use of current quantum chemistry computational methods. Hence, we are more likely to pay close attention to the calculated frequency rather than its intensity in the following discussion. Since the crystal of free HupB, rather than protonated HupB, is used in our IR spectral determination, we will confine our discussion on the former. Normally there will be a systematic error between calculated and experimental spectra, which can be adjusted by a scaling factor.
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The typical value of this scaling factor ranges from 0.7 to 0.9 for Hartree-Fock method. Compared with experimental IR spectrum, we note that the scaling factor for our predicted vibrational bands is 0.96. Figure 6 depicts the scaled vibrational bands of structure S1 together with our experimental IR spectrum. It is clear that the scaled predicted bands are in agreement with experimental data. This result, taking into account our previous result, 19, 20 shows that we can use B3LYP/6-31G * method to predict the vibrational spectrum of complicated natural product with great accuracy than the Hartree-Fock method.
The assignment of vibrational band
Experimental IR spectrum shows that there are about 22 absorption peaks ranging from 500 cm −1 to 3500 cm −1 . In order to assign these bands as well as to verify our prediction that the natural configuration of HupB is structure S1, we perform a normal mode analysis on the predicted bands of structure S1. Table 3 lists both the normal mode analysis and experimental results. • The bands with frequency higher than 2500 cm
Normal mode analysis on all these 20 bands, from mode 92 to mode 111, shows that they arise from the stretching of H-C or H-N bonds (Table 3) . Among which, mode 92 to mode 106 (2866 cm
to 2999 cm −1 ) correspond to the stretching of H-C bonds. Our recorded IR spectrum shows a broad and strong absorption ranging from 2800 to 3000 cm −1 . For example, mode 92 (2866 cm −1 ) belongs to the stretching of C14-H bond, which should correspond to the band 2864 cm −1 in our experimental spectrum (Table 3) . Normal mode analysis reveals that mode 98 (2916 cm −1 ) results from the stretching of C6-H, C7-H and C11-H bonds. Corresponding to this predicted band, there is a peak at 2914 cm −1 in the recorded spectrum (Table 3 and Fig. 6 ). Modes 107 (3023 cm −1 ), 108 (3077 cm −1 ) and 109
(3102 cm −1 ) belong to the stretching of bonds C8-H, C3-H and C2-H, respectively (Table 3) . For these Fig. 6 . The predicted and experimental spectra of HupB. Lines stand for the predicted bands at B3LYP/6-31G * level, curve is the recorded IR spectrum.
three carbon atoms are sp 2 hybridization, their corresponding frequencies should be higher than that relevant to sp 3 carbon atom. Moreover, the predicted intensities of modes 108 and 109 are rather weak. Indeed, these calculated results are consistent with the experimental data, in which a broad and weak peak located at ∼ 3087 cm −1 was recorded (Fig. 6 ). The predicted highest frequency, mode 111 (3434 cm −1 ) belongs to the stretching of the bond N1-H, which might be assigned to the recorded band with the frequency 3428 cm −1 . The second highest frequency, mode 110 (3338 cm −1 ) is related to the stretching of bond N2-H. Experimental result suggests a band located at 3331 cm −1 (Fig. 6 ). It is notable that this band is related to the hydrogen atom attached to N2 (Fig. 1 ). More detailed discussion is shown in the next sub-subsection on "The Comparison of the Characteristic Bands Predicted Based on Different structures".
• The bands with frequencies from 1700 to 1350 cm −1 .
Normal mode analysis on the predicted strongest absorption band, mode 91 (1788 cm −1 , 680.0 KM mol −1 ) reveals that this band is a result of coupling between the stretching of the bond C=O and the bending of N1-C1-C2. However, our recorded spectrum suggests a strong absorption located at 1666 cm −1 , which turns out to be lower than the predicted one (Table 3 and Fig. 6 ). This result suggests that the strength of C=O bond in crystal is weaker than that in single molecule state. We postulate that, as shown in the case of the crystal structure of HupA, 33 there should be a strong intermolecular interaction, such as hydrogen bond, possibly related to this C=O bond. This interaction weakens the strength of C=O bond in crystal, and results in a vibrational shift towards low frequency.
Mode 89 (1603 cm −1 ) belongs mainly to the stretching of C2-C3 and C4-C5 bonds, which correspond to the band of 1604 cm −1 in our recorded spectrum. Normal mode analysis result suggests that mode 88 (1540 cm −1 ) is also caused by the stretching of C2-C3 and C4-C5 bonds, corresponding to the band of 1546 cm −1 in the experimental result (Table 3) . Mode 86 (1462 cm −1 ) arises from the coupling of the rocking action of the hydrogen of N2-H and H-C10-H. This seems to tally with the observed band at 1452 cm −1 found in our IR spectrum. The recorded peak at 1429 cm −1 with a shoulder at 1417 cm −1 should correspond to modes 80 and 79 (Fig. 6, Table 3 ). The predicted band, mode 76 (1358 cm −1 ), corresponding to the experimental band 1365 cm −1 , could be due to the coupling of the rocking actions between the hydrogen of C11-H and C12-H (Table 3 ).
• The bands with frequency under 1350 cm −1 It is difficult for chemist to assign bands in this region. As a matter of fact, normal mode analysis on this region also shows that most of these bands are a result of coupling action of several different vibrations. The exceptions are modes 29 and 31, which are related to the rocking of the hydrogen atoms of N1-H and N2-H, respectively (Table 3) .
The comparison of the characteristic bands predicted based on different structures
All the 4 predicted spectra of free HupB have a similar highest frequency at ∼ 3577 ± 1 cm −1 (mode 111, unscaled), as well as the strongest absorption band at ∼ 1788±1 cm −1 (mode 91, unscaled). They are due to the vibrations of N1-H and C1=O, respectively. We have shown that ring D does not obviously affect ring A, which means that these two bands should be similar to each other among these four structures of free HupB. We have discussed that the difference between structures S1 and S2 is only due to the orientation of the hydrogen atom attached to N2. Hence, mode 110, which is caused by the stretching of N2-H bond, is an important band to identify in these two structures. Our calculations show that the wave number of this mode for S2 is higher than that for S1 by 23 cm −1 . If S2 is the prominent structure, there should be a band located at 3360 cm −1 (scaled). On the contrary, our experimental spectrum does not reveal such a band in HupB IR spectrum (Fig. 6) . Similar argument applies to the boat structures. We found that mode 110 of boat structures tend to have higher frequencies by ∼ 20 cm −1 compared to S1's. Hence, mode 110 proved to be useful for identifying the structure of free HupB. All these results demonstrate that S1 is the natural structure of HupB.
Conclusion
Our B3LYP/6-31G * calculations and experimental IR spectrum reveal that HupB always adopts the chair configuration either in its natural form or as a complex with AChE irrespective of which state it exists as, free or protonated. Furthermore, the calculation results suggest that structure S1 has a dominant distribution in two possible chair forms, viz. S1 and S2.
All the predicted structures also show that condensed ring structure made up of rings A, B and C is very rigid which mean that we do not have to take into consideration its flexibility in our docking calculations. Indeed this result is confirmed by its binding structure from our recent X-ray crystallographic results in which all bonds could be aligned quite well to the predicted geometry (Fig. 4) . Further evidence came from our normal mode analysis on all 111 predicted vibration modes in supporting S1 as the most probable structure of HupB. This same normal mode analysis also highlighted that the second highest frequency (mode 110) is very useful for identifying the structure of HupB due to the stretching of N2-H bond. Furthermore, almost all of the experimental absorption bands could be accounted for and assigned to their vibration modes. The obvious shifting of the stretching of C=O bond in our recorded HupB spectrum towards low frequency in comparison with the predicted bands suggested the existence of a strong intermolecular interaction in HupB crystal. The excellent alignment of the predicted bands scaled by a factor of 0.96 to experimental IR spectrum suggests that B3LYP/6-31G * method is a good tool for studying such kind of complicated natural compound. The electrostatic potential surface of HupB, taken into consideration with our recent X-ray structural studies of its complex with AChE, reveals a clearer picture of how HupB interacts with its targeted site. All these results will enhance further investigation of Huperzine analogues interacting with AChE leading to better development of potent AChE inhibitor/drugs.
